charge and hydrophobicity, and motility of the microorganisms, as well as relevant physiological functions such as production of exocellular biopolymcrs). Only through field experiments can we evahmtc the scales of physica; and chemical heterogeneity in natural aquifers that affect the transport of microbiota in ways not predicted from experiments conducted at the laboratob,-scale.
Bacterial transport field experiments cannot be replicated as can column experiments. Rigorous testing of experimental hypotheses will require compari_ns of the mobili .tyof multiple strains with contrasting transport properties under identical field conditions. Consequently, a technique is needed t permit the transport of multiple strains of bacteria to be monitored simultaneously in a single field experirnent. Molecular techniques can identify virtually any strain, without requiring a coincidence of a selectable phenotype and interesting transport properties. Other approaches are possible, such as the use or selective agar and colony-forming units (CFU) to dclect bacterial br'eakthrough. However, even a range o!' resistances will not provide the broad flexibilit.v provided by detection of unique DNA sequences. both identification and quantitation of the number of bacteria in a sample, and has been used effectively lhr many studies in microbial ecology (Sayler and Layton, 1990) . The limits of detection with this method, while suitable for laboratory experiments, are often inadequate for field experiments. Polymerase chain reaction (PCR) has also been used successfully for the detection of microorganisms. The strength of PCR for analysis of environmental samples was evident from the work of Steffan and Atlas (1988) , who used PCR to detect small populations of a specific t'seudomonas species in a high background of soil microorganisms. There have been many subsequent examples of the use of PCR to detect specific strains or groups of microorgm,isms, either as a screen for certain species in environmental samples or after addition of microorganisms to an ecosystem. This paper explores the use of PCR for identifying and enumerating the arrival of several individual strains of bacteria at monitoring wells downgradient of an experimental tracer injection weil.
Materials and Methods

Microbial Strains
Pseudo,;onas fluorescens 5R was obtained from G. Sayle r (University of Tennessee). This st ra in utilizes naphthalene as a carbon and energy source, and was isolated from a Manufactured Gas Plant soil, lt contains a large catabolic plasmid that has demonstrated homology to the well.described NAH7
plasmid. Strain AO500, a Gram positive bacillus, was obtained from R, Bales (University of Arizona). The field site is a well-characterized, unconfined, sandy coastal-plain aqmfcr at Clemson University's Baruch Forest Science Institute in Georgetown, SC that was the focus of a series of reactive and non-reactive tracer studies. 'l'hc thickness of the aquifer is approximately 3 m, with a clay layer at the bottom that is assumed to be an impervious boundary of the aquifer. Injection and withdrawal wells were constmctcd Of 5 cm slotted polyvinyl chloride pipe and separated by a distance of 5 m; sampling wells were spaced at 1 m intervals betwcen injection and withdrawal wells in a highly conductive coarse sand layer (Figure 1 ). Groundwater was sampled (at a rate ot"50 ml min t) using peristaltic pumps. The bacteria were captured on 0,22 um polycarbonate filters from 300-1000 ml samples, with addition of a fixed amount of control strain mt-2 spiked into the sample. The filters were immediately stored on dry ice.
Molecular "l'echniques
Total chromosomal DNA was obtained from ali bacteria on the filters using a modified extraction procedure. PCR samples were run on 1% agarose gels in TAE buffer (Sambrook et al., 1989) at 3 volts cm _ . Gels werc stained with 1% ethidium bromide prior to fluorescence photography using a Fotodyne Polaroid camera mount. DNA markers included Lambda phage cut with ilindlll and a DNA ladder marker (Gibco-BRL).
t'olymerase ( 7_in Reaction ('.onditions
A Perkin Elmer Cetus DNA Thermal Cycler was used for the Polymerase Chain Reaction. PCR was carried out for 40 cycles consisting of 94°C ( 1 minute), 50°C ( 1 minute), and 72°C (2 minutcs).
Taq DNA polymerase (Gibco-BRL) was used according to the manufacturer's specifications. Each of four nucleotides was available at an initial concentration of 2t)O p.M. Final reaction volume was 25 microliters.
Mineral oil was placed over the reaction solution to prevent evaporation. Ali DNA were obtained from Operon Technologies (Alameda, CA) and used at a final concentration of I p.M each. Sequences for these primers are shown in Table 1 .
After PCR amplification, 2 ul from the first PCR amplification was removed for use with the nested primers. The remainder was combined with 2.5 ul of loading dye (0,25% bromophenol bluc in 40% sucrose) ill each tube and the contents were electrophorescd on 1% agarose gels. Gels were treated as described above.
Results and Di_ussion
During the transport cxperiment DNA from baclcria collected by filtration of groundwater from monitoring wells was extracted and a small amount (I% of tota, ..)NA) was used in PCR reactions. PCR amplification of DNA extractions from groundwater samples collccted from tile injection and monitoring wells before the experiment revealed no background for any of the four test strains or tbr the mt-2 control strain. Each of the sampling sites was examined over a period of l0 days, although breakthrough was observed after a few hours. Under the conditions of these PCR analyses, a positive signal should result only from the detection of bacteria transported to the sampling site during the experiment.
Evidence indicates that the threshold tbr detection of a signal from 1 microliter of extracted DNA is 1(_ bacleria when one round of PCR amplification is used. Re,amplification is needed when the bacterial concentration is below 1(_)0bacteria in these experiments. This is equivalent to a detection limit of IOs bacteria per liter for one round of amplification, since only 1%of the total DNA is used for each PCR reaction. The limit of detection is more difficult to estimate when rfftmplification with the nested primers is tmecLalthough a Iowcr limit of 102 bacteria per liter is likely. This is lfigher than the limits reported in the literature, probably because environmental samples are more difficult to work with t'han laboratory samples. Although humic acid contamination has been cited as a problem for PCR reactions, it is more likely that the presence of iron oxides in the groundwater was the deleterious factor. The DNA extraction protocol was modified by increasing the EDTA concentration to remedy this problem. In addition, there is the possibility that the DNA sample might be lost dttring sample processing. Either of these errors could result in a false negative response. In order to avoid false negative results, a known amount of the mt-2 strain was spiked into each 1 liter sample prior to filtering. Unless PCR amplification of this strain resulted in a positive response, the sample is suspect, and is marked in black in Table 2 . 
